It is well established that the oxidation state of cysteine residues in proteins are critical to overall physical stability. The presence of disulfide bonds most often imparts thermodynamic stability, and as such, engineered disulfide bonds have become a means for improving the viability of protein therapeutics. In some cases, however, disulfide bonds can diminish stability. Because proteins are held together by numerous weak interactions, understanding the mechanisms by which stabilization is achieved is important to the design of new biotechnology products that better resist unfolding and aggregation. Mechanistic information describing how specific interactions influence stability is lacking, in part because the techniques typically used to study inherent stability do not provide sufficient detail. In the present study, a model protein system, phosphatase of regenerating liver (PRL-1), was used to investigate the role of cysteine residues on physical stability. A combination of chemical modulation and mutagenesis was employed to alter the redox state of the protein, and the effects were observed using a combination of low-and highresolution methods. Specifically, solution NMR data revealed the stability of PRL-1 depends on cooperation between local interactions with the Cys side chains. This approach provides a means to better understand how protein stabilization is achieved.
INTRODUCTION
An understanding of the forces that contribute to protein stability is crucial to the development of new biotechnology products having improved half-lives and lower immunogenicity. 1 Current methodologies to stabilize proteins include the addition of excipients, chemical modification of residues and/or the use of site-directed mutagenesis to produce a more stable protein species. 2 More recently, engineering cysteine residues into the primary sequence to form a new or additional disulfide bonds has proved to be useful for the stabilization of antibodies. [3] [4] [5] Disulfide bonds are valuable components of a protein's tertiary structure because they typically increase the half-life of the protein in terms of both cellular physiology and pharmacokinetics. 6 Classical theory suggests that disulfide bonds stabilize proteins by reducing the entropy of the denatured state. [7] [8] [9] More recent theories propose disulfide bonds stabilize the folded state enthalpically, presumably through favorable local interactions or by stabilizing the packing of hydrophobic residues. 10, 11 For example, they can restrict conformational motion and prevent changes in structure that can lead to unfolding and/or self-association/aggregation. 12 Unfortunately, only a small amount of experimental data to support such a theory is available. [13] [14] [15] Despite the aforementioned successes and many others, disulfide bonds are not always beneficial. Alterations to a protein's redox status in the form of disulfide exchange can promote aggregation by exposing previously buried, often hydrophobic, regions of a protein that can then associate. 16, 17 In the context of protein engineering, poorly placed disulfide bonds may alter the structure in an analogous manner, leading to aggregation. 17, 18 . The currently accepted argument, however, is that the disulfide bond directly destabilizes the folded state by restricting energetically favorable conformational changes. 6, 17, 19 Very few studies of such a phenomenon are reported in the current body of literature. In fact, the contribution of conformational dynamics to protein stability has only recently been evaluated, [20] [21] [22] and as such, very little is known about how the oxidation state of Cys residues contribute to the stability or instability of a protein with respect to conformational dynamics. 19 Currently, a set of low-resolution experiments is commonly employed to assess structural stability (and more recently dynamics) and the approach has proven beneficial for rapidly identifying stabilizing conditions for individual proteins. 20, [23] [24] [25] The methods used provide general information about classes of bonds or structural features in the protein. Despite the obvious utility of these traditional methodologies, mechanistic understanding cannot be gleaned from these data sets to elucidate why stabilization is affected. Additional information about the contribution of individual residues can be obtained by comparing mutants to the wild-type protein using these methods and calculating changes in the free energy (ΔΔG) in an unfolding experiment. 26, 27 While this approach can determine whether a specific residue is required for folding, it does not reveal how cooperativity and conformational dynamics contribute to stabilization of the folded state. High-resolution or site-specific detail is required to explain why a protein is inherently more or less stable or is stabilized to a greater or lesser extent by specific solution conditions. Solution NMR studies of protein folding and unfolding are commonly employed to examine folding pathways, [28] [29] [30] but this powerful technique has been greatly underutilized to examine the mechanisms of stabilization of the folded state from both the perspective of the packing arrangement in the protein as well as the effects of solution environment on the protein's conformational ensemble. Understanding how structure and dynamics affect the stability of the folded state is important for generating protein therapeutics that better resist unfolding and aggregation.
In the present study, the protein phosphatase of regenerating liver (PRL-1) was used as a model system to investigate the effects of disulfide bond formation on the protein's stability. PRL-1 has two discernable stable states, one of which contains a disulfide bond (oxidized, inactive) and one that does not (reduced, active). Here, the disulfide bond was disrupted in several ways and the protein carefully examined to assess the effects these two cysteines and their oxidation state have on the conformation of the protein. PRL-1 serves as an excellent model for this purpose for several reasons. First, the catalytic Cys (C104) is highly susceptible to inactivation by disulfide bond formation at the active site. 31, 32 Our group previously assigned the NMR resonances for the reduced and oxidized proteins and characterized formation of the disulfide bond between C104 and its partner C49. 33, 34 The reduction potential is approximately -364 mV, which indicates that this protein strongly favors the oxidized state in vitro, but equilibrium control of the redox state is easily modulated using a redox buffer system to generate the reduced form. 35 Second, a major conformational change occurs upon reduction of the protein, providing well-resolved, sitespecific measurable differences between the two states using solution NMR spectroscopy. 35 Additionally, the structures of both reduced and oxidized PRL-1 have been determined previously using X-ray crystallography, which facilitates interpretation of the changes observed in the NMR data with respect to the three-dimensional structure. 32, 36 Standard low-resolution techniques (circular dichroism and static light scattering) were used to show that the reduced form of the protein is slightly more stable than the oxidized. To understand how the reduced form compensates for the loss of the disulfide bond, a series of mutants were analyzed that disrupted disulfide bond formation in distinct ways. The physical stability of each variant is unique with respect to the others, indicating that the stability of the whole protein depends on a combination of local, synergistic interactions with the Cys side chains. High-resolution solution NMR provided site-specific and mechanistic information about how each interaction influences the protein's physical stability. This analysis reveals several key structural components that contribute to PRL-1's overall stability in the absence of disulfide bond formation. The results provide insight to explain how the reduced protein compensates for the loss of this structural feature and how local instability may lead to aggregation.
EXPERIMENTAL METHODS

Materials
Tris(hydroxymethyl)aminomethane hydrochloride (Tris-HCl), (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), anhydrous monobasic sodium phosphate, dibasic sodium phosphate heptahydrate, sodium chloride, and dithiothreitol (DTT) were all purchased from Fisher Scientific (Pittsburg, PA). All buffers were filtered through a 0.2 μm nylon filter before being applied to the protein samples. Ionic strength was controlled by the addition of an appropriate amount of sodium chloride. Because the exposure of HEPES to fluorescent light for extended periods of time can lead to the formation of hydrogen peroxide, HEPES buffer was stored at 4 °C in the dark and made fresh for each mutant studied. 37, 38 For NMR studies, 15 N-ammonium chloride and D 2 O were purchased from Cambridge Isotopes (Andover, MA).
Protein Expression and Purification
Wild-type and C104S PRL-1 variants were expressed and purified as previously described. 34, 35 The primers used to generate the C49S, Y53E and Y53F mutants, 5' to 3', were ggagttaccacaatagtaagagtatGtgaagcaacttatgacac, gagtatgtgaagcaactGaAgacactactcttgtgg and gagtatgtgaagcaacttTtgacactactcttgtgg, respectively (Integrated DNA Technologies, Coralville, IA). Capital letters indicate the mutated base. All mutations were confirmed by bidirectional DNA dye terminator sequencing (Northwoods DNA Inc., Bemidji, MN). Purity of the final protein samples was assessed by SDS-PAGE and protein concentrations were determined by UV Absorbance at 280 nm using an extinction coefficient of 19420 M -1 cm -1 . The extinction coefficient was calculated based on the reduced protein using the ProtParam program from ExPASy. [39] [40] [41] Final samples were concentrated to 30 mg/mL and stored at 4°C in 50 mM Tris-Cl, pH 7.4 with 100 mM NaCl until prior to analysis. These conditions are equivalent to purification conditions. All samples for NMR studies were grown on minimal media containing 15 N-labeled ammonium chloride as the sole nitrogen source (Cambridge Isotopes, Andover, MA). Table 1 summarizes the purpose of studying each mutant. The activity of each mutant was tested using the standard generic substrate pnitrophenyl phosphate (pNPP) in a colorimetric assay previously published. 35 
Static Light Scattering
To assess the aggregation propensity of the various PRL-1 variants, the absorbance at 350 nm was monitored with increasing temperature. Protein samples were diluted to a final concentration of 1 mg/mL into 50 mM HEPES or 50 mM sodium phosphate, pH 7.5 (I=100 mM) with or without 10 mM dithiothreitol (DTT). All data were collected on a Cary 100 UV-VIS spectrophotometer equipped with 12-cell changer and temperature controller. Data points were collected every 0.5 °C at a rate of 5 °C per minute from 10-85 °C. Onset temperatures were determined from the plots of absorbance versus temperature. Each sample was analyzed in duplicate and the average of these is shown.
Circular Dichroism (CD)
CD spectra at 20 and 85 °C were acquired using a Jasco J-810 spectropolarimeter equipped with a 6-position Peltier temperature controller from 260-190 nm using a scanning speed of 50 nm/min and 0.5 nm resolution. Thermal melts were also performed by monitoring the CD signal at 222 nm every 1 °C from 20-85 °C. The temperature was gradually increased at a rate of 2 °C per minute, and the sample was equilibrated for five minutes at each temperature. The CD signal was converted to molar ellipticity using the Spectra Manager™ software (Jasco). T m s were determined by fitting the CD curve to a sigmoidal function with Prism 5 software (GraphPad, La Jolla, CA). Protein samples were diluted to a final concentration of 0.4 mg/mL in either 50 mM HEPES or 50 mM sodium phosphate, pH 7.5 (I=100 mM) with or without 1 mM DTT. Two independently prepared samples were analyzed in duplicate to generate error bars.
NMR Experiments
For structural analysis of the various PRL-1 mutants, samples were concentrated to approximately 1 mM in 50 mM sodium phosphate buffer, 100 mM NaCl, pH 6.5, containing 5% D 2 O. 1 H-15 N Heteronuclear Single Quantum Coherence (HSQC) spectra were acquired on a Bruker Avance 800 MHz spectrometer using a cryogenic, triple resonance probe equipped with pulse field gradients. The spectra were acquired in 8 scans with 2048 points in 1 H and 256* increments in 15 N. All spectra were obtained at 37 °C. NMRpipe 42 and SPARKY 43 were used for spectral processing and data analysis. Chemical shift changes (Δδ) were calculated by subtracting the peak positions of the mutant protein (C104S or C49S) from the chemically reduced wild type. Chemical shift changes were expressed as the square root of the sum of the squares of chemical frequency differences in the 1 H and 15 N dimensions between two given proteins for each assigned residue as given in Equation 1. 44 (1) A change was deemed significant if Δf was greater than 33.81. This value represents the average line width of the reduced wild-type protein and was determined by summing the squares of the individual resonant line widths for 1 H and 15 N using Equation 1 and averaging. Line widths were measured in SPARKY.
Because the C49S mutant was significantly different in structure from the reduced wild-type protein, 2D 1 H-15 N HSQCs and 3D versions of the CBCA(CO)NH, HNCACB, C(CO)NH and HNCO experiments were collected to obtain sequential backbone assignments. The sample was concentrated to approximately 1.9 mM in 50 mM sodium phosphate, pH 6.5, with 100 mM NaCl and 5% D 2 O and analyzed in a Shigemi tube. Experiments were carried out on a Varian Inova 800 MHz NMR spectrometer using a cryogenic, triple-resonance probe equipped with pulse field gradients. All spectra were obtained at 37 °C. Spectra were processed using NMRpipe 42 and peak picked using Sparky. 43 Peak lists were submitted to the PINE Server through NMRFAM, University of Wisconsin, Madison 45 and crosschecked using the assignments for reduced wild type. 34 For all NMR experiments described above, 1 H chemical shifts were referenced with respect to an external DSS standard in D 2 O. Indirect referencing relative to 1 H was determined for 13 C and 15 N, assuming ratios 13 C/ 1 H = 0.251449530 and 15 N/ 1 H = 0.101329118. 46 
RESULTS
Physical Stability of PRL-1
To determine the overall physical stability of the different forms of PRL-1, CD melts and SLS melts were performed on each variant. For CD, a T m was calculated by fitting the data to a sigmoidal curve. For SLS, the onset of transition temperature is reported because saturation of the detector occurred in many cases. Table 2 summarizes this data. The CD and SLS plots for all PRL-1 variants in phosphate buffer are shown in Figure 1 .
Several trends in the CD data were observed with the PRL-1 variants. First, the reduced wild-type protein is slightly more stable than the oxidized protein, with melting temperatures at 67.81 ± 0.43 versus 65.47 ± 1.28, respectively. We anticipated the opposite result because, most often, disulfide bonds improve the ability of proteins to resist unfolding. To understand how the reduced protein compensates for the loss of the disulfide bond, the same analyses were also performed on each of the two cysteine mutants (C49S and C104S) that directly prevent formation of this bond under equivalent conditions (Table 1) . Interestingly, the C49S and C104S mutants each have a unique melting profile that is different from each other, as well as the reduced wild type. Compared to the chemically reduced wild type, C49S has a significantly lower melting temperature (62.79 ± 2.00), while the C104S mutant has a significantly higher melting temperature (76.31 ± 1.07). Such large differences between the C49S, C104S and reduced wild-type proteins were quite unexpected because, with only a single atom changed, each should mimic the reduced conformation of PRL-1. The fact that these mutants have a 13.5 °C separation in their physical stability strongly indicates that the overall stability of PRL-1 is greatly impacted by local interactions with the side chain moieties of the C49 and C104 residues. Similar trends in the aggregation propensity of PRL-1 variants were also observed by SLS. In phosphate buffer, the reduced wild type was slightly less vulnerable to aggregation than the oxidized wild type (ΔT onset =3.83°C). The C104S protein is the least aggregation prone (T onset =72.1 ± 0.32 °C), while the C49S protein self associates most readily (T onset =59.68 ± 0.22). This data clearly shows that stability depends on more than just disulfide bond formation at the active site. Table 2 shows that changing the buffer system from phosphate to HEPES reduces the physical stability of PRL-1 for all variants studied, decreasing T m values by 5-6 °C. Similarly, the aggregation propensity measured by SLS also decreases consistently by approximately 6 °C with the same buffer switch. Because the biological role of PRL-1 is to facilitate phosphate hydrolysis from a phosphotyrosine substrate, this result suggests that the decrease in physical stability can be attributed to whether or not the protein can bind to the buffer species, albeit too weakly in this case to determine the K D even by NMR, placing it above the mid mM range (data not shown). The phosphate group is expected to bind at the active site of the protein, much like sulfate occupies the active site in the available crystal structure of C104S (Figure 2A) . 32, 47 HEPES apparently does not participate in such an interaction, and each variant is destabilized to an equivalent extent by this buffer switch. Because both buffers have equivalent ionic strength, it is unlikely that the effect results from non-specific electrostatic influences, further suggesting that weak phosphate binding imparts stabilization to this protein.
Active site binding also explains the dramatic difference in physical stability between the C104S and reduced wild-type proteins. The catalytic Cys in the reduced wild type exists as a thiolate anion at physiological pH, which is typical for this family of enzymes because of the surrounding partially positive microenvironment and structural organization of the active site. 31, 32 With PRL-1-C104S, the thiolate side chain has been replaced with a hydoxyl group, which remains protonated, eliminating the negative charge at this position. Because less charge repulsion is present between phosphate and the -OH group from Ser than between phosphate and the negatively charged thiolate anion, binding by phosphate would occur to C104S more readily because of the differences in charge state of the active site. This conclusion is further supported by the fact that the melting temperatures measured by CD for the reduced wild type and C104S are statistically identical in HEPES buffer but differ significantly in phosphate buffer (ΔT m =2.87 and 8.5, respectively; Table 2 ). Although the onset temperatures for C104S and reduced wild type measured by SLS are statistically different in the same buffer system, the ΔT onset value for HEPES is considerably smaller than for phosphate buffer (1.93 versus 8.35 °C, respectively; Table 2 ), further indicating that phosphate binding imparts structural stability. As an alternative way of investigating the effect of charge repulsion on stability, the pH of the phosphate buffer was lowered to 6.5 from 7.5 while maintaining an equivalent ionic strength. This too enhanced the physical stability of the reduced wild type, as measured by CD (T m =79.07). The primary phosphate species at pH 6.5 is in the -1 charge state whereas at 7.5, just over 50% of the phosphate is in the -2 charge state. The smaller degree of charge repulsion between the thiolate and singly charged phosphate ion allows the molecule to more readily occupy the active site and stabilize the protein. A comparison of the CD melts of these mutants in the different buffers is shown in Figure 2B .
Phosphate binding does not fully explain the difference in structural stability of the reduced forms, as the T m values measured by CD and onset temperatures measured by SLS remain consistently varied for the different forms across each buffer system (Table 2) . When compared to the reduced wild-type protein in HEPES buffer, C49S consistently exhibits a lower melting temperature. This suggests that a specific local packing interaction involving C49 is perturbed in this protein that causes destabilization. The side chain of C49 is completely buried in the protein's hydrophobic core in the crystal structure of PRL-1-C104S. One notable feature in the crystal structure of the reduced state is the presence of a completely buried hydrogen bond between residues Y53 and H103 (Figure 3) . 32, 36 In the reduced state, this hydrogen bond forms between the hydroxyl from the tyrosine side chain and the imidazolium Nε of the histidine and has a bond length of 2.85 Å. The C49 side chain is pointed inwards towards this interaction. In the oxidized state, the distance between these atoms lengthens to 3.07 Å, and the angle (107°) further deviates from ideality (120°) 48 compared to the reduced form (113°). The C49 side chain is disulfide bound and points away from these residues. There is a concomitant rearrangement of residues in the region surrounding both the active site and the Y53-H103 hydrogen bond. Based on the small (2°C ) difference in T m between the reduced and oxidized wild-type states, the optimization of the hydrogen bond and concomitant packing rearrangement around it more than compensate for the loss of the covalent disulfide bond. Based on this information, we hypothesized that the C49S mutant is destabilized because the introduction of the polar group favors greater solvent exposure and disrupts favorable packing interactions around the Y53-H103 hydrogen bond, despite being in the reduced conformation at the active site. To test this hypothesis, we created the Y53E and Y53F mutants and studied their physical stability by CD. As indicated by Figure 1 and Table 2 , Y53E and Y53F have equivalent T m values to the C49S mutant, suggesting a common mode of destabilization.
Structural Analysis of PRL-1
We first collected CD spectra of each PRL-1 variant to determine if substantial changes in the total secondary structure occur as the result of any of the mutations. The results are shown in Figure 4 . Despite the significant deviations in physical stability between the reduced wild-type, C49S and C104S proteins, the total secondary structure of each mutant remains remarkably similar. Error bars were omitted in Figure 4 for presentation purposes. The values below 203 nm are statistically identical, whereas values in the α-helix and β-sheet regions are statistically different. These differences are disproportionately small compared to the differences in stability. Unfortunately, there is no systematic way to extract information from this data set to explain why the T m values differ so substantially. Highresolution methods are needed to provide site-specific information capable of explaining the mechanism by which stabilization or destabilization is achieved with the introduction of various mutations or changes in solution conditions. We performed high-resolution solution NMR studies to obtain such information.
The 1 H-15 N HSQC NMR experiment was used because this method selectively detects protons that are directly coupled to a nitrogen atom. This is particularly useful for the analysis of protein structure because of the repeating pattern of amides in the polypeptide backbone. A cross peak for each amide in the protein is observed, providing a fingerprint of the protein's unique structure. This experiment serves as the basis for assessing the overall fold and dynamic behavior of a protein. Because chemical shift is so sensitive to an atom's local environment, changes in a protein's tertiary structure, such as those introduced by point mutations, are manifest as changes in the position and/or shape of the peaks in the HSQC spectrum. 49 For this analysis, backbone NMR assignments for reduced PRL-1, which we previously published, were used to assign the respective mutants and provide site-specific information. 35 Because of the large number of changes between the reduced wild-type and C49S proteins (see below), independent backbone assignments for C49S were also made to identify additional peaks that could not be deduced using the reduced PRL-1 spectra. 45 To determine which residues are perturbed by mutations that affect disulfide bond formation, we first compared the HSQC spectrum of the chemically reduced wild-type protein with that of C104S ( Figure 5A ). Although many of the peaks overlap, there are a number of significant changes observed between these two proteins, some of which are highlighted by boxes in the figure. To illustrate where these residues are located with respect to the mutation site, we mapped these changes to the available C104S crystal structure ( Figure 5B ). 36 The largest chemical shift deviations (blue) are observed in or near the active site (V47, W68, V102-C104, G109, R110, F141), which is expected because the catalytic cysteine has been modified. The active site is illustrated in ball and stick format for reference. Other small changes (red) are observed near the active site and include H23, N24, R47, E50, F70, A74 and V81. Additional smaller changes (red) are present in α4-α6 (V113-V115, I133, G139-A140, L146) because a hydrogen bond between the active site and small loop containing F141 is perturbed. This change propagates, affecting the β1-containing residues V10-Y14 and β2-containing I21. On the opposite side of the active site, there are perturbations in two loops. Because the amides from these residues are already solvent exposed, the change in their chemical shift position is small. Residues Y53 and D54 in the flexible β2-α3 loop (loop three; L3) are slightly perturbed, as well as T26, which is located in loop two (L2) directly adjacent to L3. The perturbation to the Y53 backbone is likely a result of a change in conformational dynamics revolving around the orientation of H103, which results from active site stabilization upon phosphate binding. Overall, when comparing the NMR spectra of reduced wild type to that of C104S, greater than 97% of the changes observed originate from the active site. This strongly suggests that a major component of the stability difference between the chemically reduced wild type and C104S proteins is due to phosphate binding and the diminished charge repulsion at the active site in the hydroxyl-containing mutant. Moreover, increasing the concentration of phosphate in solution sharpens NMR line widths throughout the protein but more so for the resonances associated with active site. Because broadening of lines likely reflects conformational averaging, this data suggests that phosphate binding also shifts the dynamic equilibrium of the whole protein toward a more rigid state (data not shown).
Despite the inability of the disulfide bound protein to bind phosphate at the active site, the choice of buffer still affects the stability of the oxidized species such that phosphate is more stabilizing. Based on the fact that PRL-1 precipitates at elevated phosphate concentrations (data not shown), it may be that the ion interacts with the oxidized form at another site or it may exert a non-specific salting-out effect. While studies to explain this phenomenon are beyond the scope of this work, a secondary phosphate interaction site has already been proposed. The C-terminal tail of PRL-1 contains a polybasic region, which has been shown to be important for binding to phospholipid membranes. 50 The stabilization of oxidized wild type by phosphate may be a result of an interaction with this region of the protein. These residues are missing from the crystal structures but large perturbations corresponding to these residues in the NMR spectra occur upon active-site oxidation, 35 suggesting they are organized differently in the two states.
We next compared the NMR spectrum of the chemically reduced wild-type protein to that of C49S ( Figure 5C) . Surprisingly, there are far more changes between these two protein forms than observed between the chemically reduced wild type and C104S. Representative large (yellow), medium (blue) and small (red) changes are highlighted with corresponding colored boxes in the figure. Again for visualization, the changes were mapped to the available C104S crystal structure with each residue colored according to the appropriate chemical shift change category ( Figure 5D ). 36 Many of the largest chemical shift changes are located in or near the active site (V48-E50, W68, F70-A74, H103, C104, L108-R110). Similar to the C104S-reduced wild type comparison, several additional perturbations to α4-α6 are observed (L114-L117, L119, Q131, Q135, F141 and Q145). These changes are again propagated to β1 and β2 (V10-V12). Because changes in α4-α6, β1 and β2 are confined to the internal face and are relatively small across variants with differing stabilities, we conclude that this region of the protein does not correlate with aggregation propensity. Loop three containing Y53 is also altered. Interestingly, in each region of the protein described above, the number and magnitude of chemical shift changes are larger in C49S, and the specific residues involved in some cases differ. For example, Y53 and nearby residues, especially T26, are perturbed to a much greater extent with the C49S mutation than with the C104S. The 1 H line width of the Y53 peak increases from 22.7 to 53.9 Hz (137% increase), despite the fact that the average line width for all C49S peaks is approximately the same as that for the reduced wild type (33.05 and 31.8 Hz, respectively). This data supports our hypothesis that burial of the C49 side chain stabilizes the Y53-H103 interaction and incorporation of a polar moiety at this position increases conformational flexibility in this region.
To further probe the role of the hydrogen bond between Y53 and H103, we eliminated the interaction by substituting Phe for Tyr. An NMR spectrum of Y53F was collected, and the broad line widths of the peaks indicate that this protein exists in a molten globule-like state. With Y53F, the Phe side chain is likely exchanging between a buried and exposed conformation of loop three, and consequently, the conformation of this residue and the surrounding residues is not restricted to a specific organization. Because the entire set of peaks is broadened to a similar extent in this spectrum, it appears that the Y53-H103 hydrogen bond organizes a particular conformation of the protein, which has increased physical stability. Y53E was made because it was expected that mutation to Glu would favor a more exposed state for this region, due to the introduction of a charged moiety. The NMR spectrum of Y53E was collected and compared with that of C49S (Supporting information, Figure 1) . Overall, the NMR spectrum of Y53E has many more peaks than would be predicted for a single stable conformation, and many of the peaks in the central portion of the spectrum are overlapped and unresolved. Based on the line widths, it appears that a mixture of two or more distinct conformations exists, possibly a set of more open conformers that undergo slow conformational exchange on the NMR timescale. Despite this complexity, critical portions of the Y53E spectrum are remarkably similar to C49S. Of importance is the fact that the peaks for Y53 and E53 are virtually identical. This information supports our hypothesis that the C49S mutation also alters the status of the Y53-H103 hydrogen bond. To eliminate the possibility that mutation of Y53 might alter the redox state of the protein, resulting in the increased number of peaks, reducing agent was added to the sample. The addition of a reducing agent does not alter the appearance of the Y53E (or Y53F) spectrum in any way (data not shown), indicating that the protein exists as multiple conformers independent of disulfide bond formation. As such, the formation of the disulfide bond appears to depend on the presence of the Y53-H103 bond, and the local packing organization imparted to the active site and L3 are a result of this interaction.
Based on the above data and the assumption that the charge state of the active site for C49S and chemically reduced wild type are approximately the same, it seems that the active site is coupled to the rest of the protein through H103 via its hydrogen bond to Y53 in L3. Although more extensive structural analysis is needed to fully explain the cooperativity, the beta sheet also packs against the large hydrophobic surface generated by the Y53-H103 hydrogen bond. An unusually large number of substantial differences appear in the central β-strand (β5) located in the hydrophobic core of the protein variants. A101 is the central residue of this structural feature, and the C49S mutation causes a considerably larger change in frequency than does C104S for this residue when compared to the chemically reduced wild type (Δδ 1H and Δδ 15N for C49S are 0.116 and 2.54 ppm, respectively; Δδ 1H and Δδ 15N for C104S are 0.000 and 0.073 ppm, respectively). As can be observed in Figure 5D , the largest changes are observed in the central strand (β5) with residues C99, A101, V102 and H103. The remaining blue change is V42 in β2, and smaller changes are observed for all residues in β4. These changes may be a reflection of the altered packing arrangement of surrounding residues and/or dynamics in L3 where both C49 and Y53, which hydrogen bonds to H103 positioned at the edge of the active site in β5, are located. To better illustrate the differences between C104S and C49S, the chemical shift changes observed between the NMR spectra of these two proteins ( Figure 5E ) were again mapped to the structure. The results are shown in Figure 5F . C49S, which lacks both the Y53-H103 hydrogen bond and C49-C104 disulfide bond, is consistently less stable than all other forms studied, indicated by its dramatically lower melting temperature in both phosphate and HEPES and increased propensity to aggregate. As such, increased protein aggregation is correlated with increased flexibility in this region of the protein. This is supported by the fact that the oxidized wild type, which contains the disulfide bond but lacks the hydrogen bond, is more stable than C49S (Table 3) . When comparing the reduced and oxidized wild type proteins, 35 similar changes to the central β-sheet are observed, as well as large changes in α-helix two (α2). Similar changes to α2 are detected when comparing C49S to reduced wild type and/or C104S and can be seen in Figures 5D and F. A close up of α2 is provided in the supporting information ( Figure S2 ) to better illustrate the location and magnitude of these changes. Because β4 is composed of entirely hydrophobic residues and such sequences are prone to aggregation, 51 we hypothesize that stable packing of L3 and α2 provide protection in the reduced state against edge strand initiated aggregation. Formation of the disulfide bond causes the Y53-H103 bond to become distorted and L3 consequently becomes more flexible, leading to slightly increased aggregation propensity in the oxidized state. Complete disruption of the hydrogen bond, as is the case with C49S, may lead to unraveling of α2, and the increased susceptibility to aggregation may be caused by a larger degree of β-sheet exposure. Many other groups have found that the proportion of β-sheet structure increases in protein aggregates, while α-helical content is diminished. 52, 53 Interestingly, full spectral CD analysis reveals that the majority of β-sheet structure remains intact at the T m (data not shown). Based on this observation, it is likely that unfurling of the structure at L3 and α2 exposes the β-sheet and may permit edge-strand association to generate aggregates. Because large protein aggregates cannot be observed using solution NMR, the aggregation mechanism will have to be investigated using other methods.
DISCUSSION
In the current study, low-resolution methods (CD and SLS) were used to rapidly determine whether differences in stability between the various protein forms exist. The resulting hypotheses about protein stabilization or destabilization were then tested using highresolution solution NMR to correlate the observed changes in stability with specific perturbations in the structure of the folded protein. In the case of PRL-1, we have shown that the integrity of the native PRL-1 structure does not depend on the absence or presence of the disulfide bond directly but rather on the local packing interactions among nearby side chains and coupling between different regions. Each Cys-modulated PRL-1 variant has a unique physical stability based on retention of specific features in its three-dimensional structure, and this concept is summarized in Table 3 . Our data indicate the reduced form of the protein compensates for disulfide bond cleavage by a compilation of adjustments focused around the hydrogen bond. Structural instability and aggregation is correlated with flexibility in L3 (containing Y53), and C49S, which lacks both the Y53-H103 hydrogen bond and disulfide bond, is less stable than the oxidized wild type. In this context, 15 the disulfide bond increases the stability of the protein by restricting the conformational flexibility of L3 in a different manner.
It is particularly interesting that the hydrogen bond between Y53 and H103 is better able to accomplish stabilization of the protein than the disulfide bond. Other incidents of hydrogen bonds contributing substantially to the stability of proteins have been documented. 27, 54, 55 Polar moieties are accommodated in the hydrophobic core of proteins when their hydrogen bonding potential is satisfied, and the degree of stabilization imparted correlates with the number and strength of the bonds. The methodologies used in these studies, however, could not provide information about cooperative or dynamic influences resulting from disruption of the hydrogen bond and compensation effects could not be observed. The high-resolution approach used here shows that modification of the hydrogen bond causes local perturbations as well as increased dynamics in coupled regions. For example, because disruption of the Y53-H103 bond in PRL-1 indirectly leads to drastic changes in the central β-sheet, packing of these structural features must be interrelated.
Such a drastic change in the protein's hydrophobic core is quite unanticipated. In general, the intrinsic dynamics of a protein predict that changes involving flexible loops or active-site residues occur, and changes of this nature are indeed observed in this study. Rearrangement of a protein's hydrophobic core, however, is rare. 56 Even proteins with large conformational changes share similar hydrophobic packing interactions. 32, 57, 58 Recently, a structural change that involves repacking of the protein core has been documented. In this example, virtually all of the tertiary contacts of the lyphotactin fold are replaced with new contacts upon the structural transition. 56 Similarly, reduction of the disulfide bond in PRL-1 causes more than 90% of the NMR chemical shifts to change significantly, without drastically altering the secondary structure elements. 35 This structural transition likely reflects changes not only to the conformation of the active site but also the interaction of Y53 and H103 and cooperative hydrophobic packing interactions with the β-sheet in the protein core. Additional NMR studies are being pursued to further assess alterations in direct contacts between specific residues that affect stability.
Although the solution NMR data reveal that substantial conformational changes occur in solution between the reduced and oxidized states, 35 such large differences are not apparent in the crystal structures. The majority of differences are located near the active site when comparing the two crystallized proteins, and these differences are obvious in the NMR data as well. What is not apparent in a comparison of the crystal structures is the importance of the small rearrangements between the beta sheet, L3 and α2 in the two states. This is because the conformation of these regions is ruled by dynamics. Based on the crystal data, one would predict that the hydrophobic packing interactions in the reduced and oxidized states are largely the same, 32, 36 but the NMR data clearly show otherwise. One explanation for this discrepancy may be the absence of the C-terminus. Crystallized PRL-1 was truncated at residues 156 and 160 for the reduced and oxidized forms, respectively. Studies from our lab previously showed that the missing residues, which compose the polybasic sequence, modulate the structure and activity of PRL-1, such that their removal abrogates disulfide bond formation. 35 This result indicates an additional unique coupling exists in the oxidized protein that involves the tail residues, and this interaction is affected by phosphate but in a different manner than the reduced state.
Concluding Remarks
The study shows that stabilization or destabilization of a protein can be achieved in the folded state through the collaboration of specific, local interactions. The strategies presented here illustrate the utility of NMR in pharmaceutical research, as they can be applied to therapeutically relevant proteins to identify stabilizing forces within the structure. Identification of these forces at atomic resolution will facilitate the rational design of improved protein therapeutics and biotechnology products. Furthermore, the work demonstrates that the effects of the oxidation state of cysteine residues on a protein's stability derive from the overall context in which they reside. Understanding this relationship is valuable because it may guide disulfide bond engineering in protein pharmaceuticals.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. The physical stability of PRL-1 was monitored by either CD (A) or SLS (B). T m s determined from the data shown here are summarized in Table 2 . All data presented in this figure were collected in phosphate buffer at pH 7.5. For CD analysis, data points represent the average of two replicates of two independently prepared samples. For SLS analysis, data points represent the average of two replicates. A. The active site of the C104S crystal structure is shown occupied with a sulfate ligand, the oxygen atoms from which are coordinated to backbone amides and a conserved Arg side chain. 47 Protein data bank (PDB) file 1XM2 was used to create this illustration. 36 This figure was generated using Pymol. B. The physical stability of PRL-1-C104S was monitored by CD in either phosphate at pH 7.5 (red circle) or HEPES at pH 7.5 (blue square). Reduced wild type was monitored by CD in either phosphate at pH 7.5 (green triangle), phosphate at pH 6.5 (orange x) or HEPES at pH 7.5 (black diamond). In all cases, an equivalent ionic strength was maintained by the addition of sodium chloride. Calculated T m values are reported in Table 2 . For C104S, no differences in melting temperature were detected with the addition of reducing agent. PDB code 1XM2 was used to illustrate the proximity of the Y53 and H103 side chains. 36 In the figure, the side chain of these residues, as well as C49 are shown as sticks. Various important regions of the protein, including loop 3 (L3) and the central β-strand (β5) are labeled. In the oxidized crystal structure (PDB 1ZCK), 32 the interaction between Y53 and H103 is perturbed as these side chains move away from one another. This figure was generated using Pymol. Chemical shift changes between the two spectra were analyzed as described in the methods section. A representative example from each category described below is boxed in the spectra. Black boxes highlight residues with Δf < 33.8. Red boxes emphasize residues with 33.8 < Δf < 100 Hz. Blue boxes specify residues with 300 Hz < Δf > 100 Hz. B. Chemical shift changes (Δf) between reduced wild type and C104S were mapped to the available C104S (PDB 1XM2)36 crystal structure and color-coded as in A. The active site, Y53 and H103 residues are depicted as ball and sticks. Relevant regions of the protein are also Table 2 Physical Stability of PRL-1 For CD, reducing conditions were achieved by the addition of 1 mM DTT. For SLS, reducing conditions were achieved by the addition of 10 mM DTT. c CD and/or SLS were also used to study the physical stability of PRL-1 mutants under both reducing and nonreducing conditions, although no differences were detected. This data for this is not shown. d
Reduced PRL-1-WT (redWT) was studied in 20 mM phosphate buffer at pH 6.5 with equivalent ionic strength (I=100 mM). All other values reported, including those for HEPES buffer, are at pH 7.5.
e Melting was incomplete at the maximum temperature attainable and the data was extrapolated to determine the T m .
f Not determined
